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Introduction 
The retinoblastoma gene, RB, is one of the most often inactivated genes in human 
cancer. As such it is a prototypical tumor suppressor gene. One of the functions of the 
protein product of the gene, pRb, is to repress the cyclin E promoter through its 
interaction with the transcription factor E2F. Upon pRb inactivation through 
phosphorylation, mutation, or interaction with viral oncoproteins, its repression of the 
promoter is relieved and levels of cydin E protein are increased. This leads to increased 
cyclin E-associated kinase activity after the protein binds its catalytic partner, the cyclin 
dependent kinase CDK2. The active cyclin E/CDK2 complex then phosphorylates its 
substrates. This cyclin E/CDK2 activity is required for transition through the late stages 
of G1 and into S phase. 

One cyclin EICDK2 substrate is the linker histone H1 (Herrera et al., 1996). Histone H1 
binds to the linker region of chromatin between nucleosomes and helps to compact 
chromatin into higher order structures. Phosphorylation of H1 leads to its decreased 
affinity for DNA and therefore a more relaxed chromatin structure (Roth and Allis, 1992). 

V\lhile RB is lost in only 10-20% of breast carcinomas, cyclin E is often overexpressed in 
breast cancer (Nielsen et al., 1998). Indeed, overexpression of cyclin E in mice leads to 
induction of mammary gland hyperplasia and carcinomas (Bortner and Rosenberg, 
1997). Both RB inactivation and cyclin E overexpression would lead to an increase in H1 
phosphorylation. Indeed, one is a subset of the other in that RB loss should almost 
always lead to cyclin E overexpression. In addition, it has been shown that almost any 
lesion that pushes cells towards transformation leads to an increase in H 1 
phosphorylation (Chadee et al., 1995). 

The consequences of RB loss and cyclin E overexpression seem to be obvious. Cells go 
through G1 more quickly than their wild-type counterparts and seem to have a higher 
proliferative rate (Herrera et al., 1996; Bortner and Rosenberg, 1997). However, this 
does not necessary explain why RB is such a potent tumor suppressor and is so often 
mutated in human cancer. A clue to further consequences of loss of RB or cyclin E 
overexpression comes from experiments that show an increase in susceptibility to 
nuclease digestion in cells that lack pRB. Indeed this is seen in all the cells mentioned 
above that display an increase in levels of phosphorylated H 1. These studies show that 
the chromatin of these cells is more open to attack. 

Body 

Chromatin Structure and Damage Susceptibility 
Our DOD-funded studies demonstrated that loss of RB and subsequent overexpression 
of cyclin E results in an increased sensitivity to DNA-damaging agents. These include 
those more likely to be encountered by a mutant cell in vivo such as UV and gamma 
irradiation. These studies suggest that many of the most common lesions seen in breast 
cancer possess a least two properties that lead to tumor progression. One is their effect 
on cell cycle progression while the other is potentially their most damning - their 
rendering the genome more vulnerable. Furthermore, and very importantly, we found 
that inhibitors (UCN-01, 7-hydroxystaurosporine) of cyclin EICDK2 activity reversed the 
increased DNA damage susceptibility. This demonstrates the possible efficacy of cell 
cycle inhibitors as cancer prevention agents. 
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In our studies we exposed primary mouse embryo fibroblasts from RB homozygous 
knockout mice and their wild-type littermates to varying doses of oxidative stress and UV 
radiation. Immediately thereafter, their DNA was analyzed for single- and double- strand 
breaks as well as the damage-induced adducts, cyclobutane pyrimidine dimers (CPDs) 
and pyrimidine (6-4) pyrimidone photoproducts [(6-4) PDs). DNA breaks were analyzed 
by electrophoresis and the levels of CPDs and (6-4) PDs through the use of radio
immunoassays (Mitchell, 1999). It should be noted that DNA damage was analyzed 
before the cells were able to respond through induction of repair mechanisms or 
apoptotic pathways. This eliminated the potential confounding factors supplied by the 
cell's response to the damage. In this way we directly investigated only the damage. 

While these studies did not monitor breast cancer directly or investigate the effects of 
mutagens that may be likely to play a role in breast cancer progression, they could lead 
to elucidation of a very important concept in RB and cyclin E function. This concept 
could lead to new strategies to combat tumor progression by protecting the genome from 
damage through reduction of cyclin EICDK2 activity or by altering the levels of histone 
H1 phosphorylation through other means. 

Heterochromatin Protein 1 and Histone H1/nteraction 
Two key components of mammalian heterochromatin that play a structural role in higher 
order chromatin organization are the Heterochromatin Protein 1 a (H P1 a) and the linker 
histone H1. Our DOD-funded studies show that these proteins interact in vivo and in 
vitro through their hinge and C-terminal domains respectively. The phosphorylation of H 1 
by CDK2, which is required for efficient cell cycle progression, disrupts this interaction. 
We propose that phosphorylation of H 1 provides a signal for the disassembly of higher 
order chromatin structures during interphase, independent of histone H3-lysine9 (H3-K9) 
methylation, by reducing the affinity of HP1a for heterochromatin. This work has now 
been published (Hale, 2006). 

Rafael Herrera (PI), Ashby Morrison (graduate student), and Tracy Hale (postdoctoral 
Associate) were all partially supported on this study. 

Key Research Accomplishments 

• Lesions commonly found in breast cancer frequently increase susceptibility to 
DNA damage, and inhibitors of cyclin EICDK2 activity can protect against this 
susceptibility. 

• Phosphorylation of linker histone H1, e.g. by cyclin EJCDK2, relaxes higher order 
heterochromatin structure, thus increasing vulnerability to DNA damage. 

• Phosphorylation of histone H 1 by CDK2 disrupts the association of H 1 with 
Heterochromatin Protein 1cx, indicating a mechanism for the relaxation of 
heterochromatin and suggesting a more specific target for inhibiting DNA 
damage susceptibility. 

Reportable Outcomes 
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Hale TK, Contreras A, Morrison AJ, Herrera RE (2006) Phosphorylation of the linker 
histone H1 by CDK regulates its binding to HP1a.. Molecular Cell; 22:693-699 [see 
Appendix] 

Conclusions 

The results of these studies give firm support to our hypothesis that histone H1 
phosphorylation by cyclin EICDK2 relaxes highly condensed heterochromatin, which is 
necessary for replication but also increases vulnerability to DNA damage. Cyclin 
EICDK2 inhibitors like UCN-01 would therefore be predicted to reduce DNA damage, 
and this was confirmed. But before proceeding to mouse tumor experiments with such 
broadly active inhibitors which might be expected to damage the cell cycle and thus 
cause more genetic damage, we explored the interactions of histone H1 with other 
chromatin stabilizers and indeed found a specific interaction with HP1a. which is 
disrupted by H1 phosphorylation, and thus might provide a more specific target for 
intervention. We feel that this hypothesis and this specific target deserve further 
examination, in hopes of discovering safe ways to reduce DNA damage which can lead 
to tumor formation. 
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Summary 

Two key components of mammalian heterochromatin 
that play a structural role in higher order chromatin or
ganization are the heterochromatin protein 1 a. (HP1 a.) 
and the linker histone H1. Here, we show that these pro
teins interact In vivo and in vitro through their hinge 
and C-termlnat domains, respectively. The phosphory
lation of H1 by CDK2, which Is required for efficient cell 
cycle progression, disrupts this Interaction. We pro
pose that phosphorylation of H1 provides a signal for 
the disassembly of higher order chromatin structures 
during Interphase, Independent of histone H3-lysine 
9 (H3-K9) methylation, by reducing the affinity of 
HP111 for heterochromatin. 

Introduction 

Heterochromatin, the cytologically dense regions of the 
genome found near centromeric and telomeric regions, 
contains highly condensed chromatin whose mainte· 
nance is required for genomic stability and control of 
gene expression (Maison and Almouzni, 2004). Although 
heterochromatin domains are structurally stable enti
ties, their components need to be dynamic to cope 
with the disrupting events that occur during the cell cy
cle, such as DNA replication (Maison and Almouzni, 
2004). Both the linker histone H1 and HP1 families are 
important modulators of chromatin function. Mamma
lian cells contain three HP1 isoforms (a, B. and y) that, 
although structurally similar, differ in their nuclear loca
tion (Mine et al., 1999). HP1a. is associated mainly with 
centromeric heterochromatin, whereas HP1 ~ addition
ally resides in euchromatic regions and HP1y is mainly 
localized to euchromatic sites. The isoforms consist of 
a conserved amino (N)-terminal chromodomain (CD) 
and a structurally related carboxy (C)-terminal chro
moshadow domain (CSD), connected by a poorly con
served hinge region (Eissenberg and Elgin, 2000). It 
has been proposed that HP1 primarily controls the for
mation and propagation of heterochromatin through 
the interaction ofthe CD with methylated H3-K9 (Bannis
ter et al., 2001; Jenuwein and Allis, 2001 ). However, in 

'Correspondence: rherrera@mdanderson.org 
2 Presenl address: Children's Cancer Research Group, Christchurch 
School of Medicine, 2 Riccarton Ave, Christchurch 8001, New Zea
land. 
3Present address: University of Texas M.D. Anderson Cancer Cen
ter, Science Park Research Division, 1808 Park Road 1-C, Smithville, 
Texas 78957. 

the context of chromatin, it is clear that multiple interac
tions determine the targeting of HP1 a. and the establish· 
ment of silenced domains (Maison and Almouzni, 2004). 
Studies have shown that the presence of methylated 
H3-K9 within chromatin is insufficient for HP1 specificity 
(Cowell et al., 2002) and recruitment (Stewart et al., 
2005), whereas the targeting of the three hornologs 
to different chromosomal locations is not solely deter
mined by the CD of HP1 (Piatero et al., 1995; Powers 
and Eissenberg, 1993). In addition, the ability of HP1a. 
to bind RNA is thought to play a structural role in hetero
chromatin formation (Maison et al., 2002; Muchardt 
et al., 2002). Importantly, the CD lacks afflllity for native 
chromatin, because the binding of Xenopus HP1 a. to na
tive chromatin is shown to be dependent on the pres
ence of linker H1 histones and not methylated H3-K9 
(Meehan et at., 2003). The H1 histones are a family of 
basic proteins that are essential dynamic components 
of the 30 nm chromatin fiber (Fan et al., 2003) shown 
to direct and stabilize higher order folding of the fiber 
(Carruthers et al., 1998; Contreras et al., 2003; Th'ng 
et al., 2005). Uke the core histones, the tail domains of 
H1 are posttranslationally modified (Garcia et al., 2004; 
Jenuwein and Allis, 2001 ). A prominent modification of 
H1 is its cell cycle-dependent phosphorylation (Talasz 
et al., 1996). It has been proposed that this phosphory
lation of H1, by cyclin-dependent kinases (COKs), con
trols the level of chromatin condensation as cells tra
verse the cell cycle (Roth and Allis, 1992). Recent data 
suggest that H1 phosphorylation destabilizes H1-chro
matin interactions (Contreras et al., 2003), leading to 
a relaxed chromatin structure (Herrera et al., 1996). Ex· 
actly how it fulfills this role in chromatin condensation 
and the consequences of its phosphorylation during 
the cell cycle remain unclear (van Holde, 1989), as very 
few studies have addressed the interaction of H1 with 
other components of the chromatin machinery involved 
in higher-order folding such as the HP1 isoforms (Han
sen, 2002; Nielsen et al., 2001; Vaquero et al., 2004). In 
this study, we investigate the interaction between 
HP1a. and the linker histone H1b, demonstrating that 
phosphorylation of H1 b by CDK2 can regulate this inter
action. We propose that one mechanism by which H1 
phosphorylation leads to the decondensation of chro
matin during interphase is by disrupting the association 
of HP111 with the chromatin fiber. 

Results and Discussion 

Compared to euchromatin, the heterochromatic regions 
of eukaryotic nuclei have an enrichment of Hl that is 
more statically bound (Contreras et at., 2003). Of the 
five somatic variants of histone H1, the predominant var
iant found in heterochromatin is H1 b (Th 'ng et al., 2005). 
To explore the interaction of unmodified human H1 b and 
HP1, in vitro binding assays were performed. Bacterially 
expressed H1 b only associates with HP1 a, the HP1 iso
form that resides in heterochromatin, but not with HP1 p 
and HP1 y (Figure 1 A). This finding agrees with a previous 
study showing that only the HP1 a. isoform bound to 
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(A) Unmodified H1 b/FlAG incubated in a batch assay with either GST or the GST fusion proteins HP1 tt, ~. or y. The GST fusion proteins were 
immobilized and the bound H1 biFI.AG detected by immunoblotting using anti-FLAG. "Input" represents 10% of prebound H1 biFI.AG. 
(B) Mouse NIH 3T3 fibr'oblasts were cotransfected with plasmids expressing CFP-HP1 a. (green) and VFP-H1 b (red) and imaged with the Zeiss 
LSM 510 confocal microscope. Arrow indicates an example where H1 b is present in heterochromatin that also contains HP1 a.. Areas of coloc
alization result in the yellow pseudo color observed when panels one and two are overlayed (Merged). 
(C and D) Detection of an in vivo Interaction between CFP-HP1"' and VFP-H1 b using FRET (Karpova et al., 2003). (C) QuantifiCation of the 
lluorescent intensity of CFP·HP1"' and VFP-H1 b in a representative region of a NIH 3T3 cell expressing CFP-HP1"' and VFP-H1 b imaged in 
(B). The fluorescent intensity of the donor CFP-HP1o: increased after photobleaching of the acceptor YFP-H1 b at 27 s. (D) Average change in 
CFP-HP1"' intensity in nonbleached regions (intemal negative controQ versus bleached regions. Error bars represent standard deviations derived 
as described in the Experimental Procedures. 

a mixture of linker histones isolated from calf thymus 
(Nielsen et al., 2001 ). 

Using HP1rx and H1b fluorescently tagged with CFP 
and YFP, respectively, H1 b is shown to strongly colocal
ize with HP1rx in mouse NIH 3T3 fibroblast cells 
(Figure 1B), demonstrating that both H1b and HP1a 
are enriched in heterochromatin. In an attempt to detect 
a direct H1 b-HP1 a interaction in situ, we employed fluo
rescence resonance energy transfer (FRET) by the ac
ceptor photobleaching method. This technique reveals 
protein-protein interaction in living cells by taking ad
vantage of the energy transfer that occurs between 
two fluorescent tags with overlapping emission/absorp
tion spectra attached to the proteins of interest. Proteins 
must be no more distant than 1()...80 A for energy transfer 
to occur (Truong and lkura, 2001 ), which will result in 
an increase of donor fluorophore (CFP) intensity upon 
acceptor fluorophore (YFP) photobleaching (Karpova 
et al., 2003). Photobleaching of YFP-H1b, in regions 
that colocalize with CFP- HP1 rx (Figures 1 B and 1 C), re
sults in a 15.4% ± 6.2% increase in fluorescence of 
CFP-HP1 a (Figure 1 D). In nonbleached portions of the 
cell, the percent change of CFP-HP1 a intensity was 
-1.73% ± 3.3%, indicating an average decrease in fluo
rescence due, most likely, to CFP photobleaching by the 
image capturing process (Figure 1 D). The FRET effi
ciency of 15% is very comparable to that observed be· 
tween other interacting proteins. For example, Karpova 
et al. (2003] observed efficiencies of 8.48% and 23.1 o/o 

between TRAF2 (TNF-receptor-assoclated factors) ho
modimers and TRAF1·TRAF2 heterodimers, respec
tively. TRAF factors had previously been shown to inter
act strongly by various methods, including laser light 
scattering, analytical ultracentrifugation, and crystallog
raphy studies (Karpova et al., 2003). In addition, no in
crease in CFP intensity after photobleaching of YFP 
was observed in cells expressing CFP-HP1 rx only (data 
not shown). To control for chance dimerization of CFP 
and YFP due to high concentration, no FRET was ob· 
served in cells coexpressing CFP-HP1 a and a fusion 
protein where a nuclear localization sequence was 
tagged to YFP (data not shown). Thus, HP1rx directly 
interacts with histone H1 b in vitro and in vivo (Figure 1 ). 

To characterize the domains of HP1rx and H1b 
(Figure 2A) required for this interaction, further in vitro 
binding assays were performed. Only the hinge domain 
of HP1rx interacts with H1b (Figure 2B). Because the 
HP1 a hinge domain can interact with RNA (Muchardt 
et al., 2002), RNase A was also added to the in vitro bind
ing assay to demonstrate that the interaction of HP1a. 
with H1 b is not mediated by RNA from the bacterial 
preparation (Figure 2C). Thus, consistent with the obser
vation that the hinge domain of HP1 differs in length and 
composition between the isoforms and has been shown 
to functionally discriminate these proteins in vivo (Pia
taro et al., 1995; Powers and Eissenberg, 1993), HP1rx 
specificity tor H1 (Figure 1 A) is mediated through its 
hinge region. Just as the hinge region determines the 
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Figure 2. The Hinge Domain of HP1a.lnteracts with the C-Terminal Tail of H1b In Vitro 

(A) The various GST-HP1 a. and H1 b/FLAG domain mutants used in lhe in vitro binding assays below. 
(B-0) In vitro binding assays where lhe GST fusion proteins were immobilized and the bound H1b/FLAG detected by immunoblotting using 
anti-FLAG. 
(B) H1 b/FLAG incubated in a batch assay wilh either GST or the GST -HP1 a. domain mutants (CD, Hinge, or CSD). Input represents 10% of pre
bound H1b/FLAG. 
(C) Unmodified H1 b/FLAG incubated with either GST or GST -HP1 a and RNase A to a final concentration of 0.5 ng/mi or 1 nglml.lnput represents 
10% of prebound H1b/FLAG. 
(D) The domain mutants of H1 b/FLAG incubated in a batch assay wilh eitherGST orGST-HP1 a (top). The right panel shows 10% of the input H1 b/ 
FLAG and H1 b/FLAG domain mutants used in the binding assay of lhe left panel to assure equal protein amounts, as detected by immunoblotting 
using antl-FLAG. 

interaction of Xenopus HP1 a. with native chromatin 
(Meehan et al., 2003), HP1a.-H1b binding in vivo may 
be required for stabilization of condensed chromatin. 
This observation allows for the simultaneous binding 
of HP1a to both methlyated H3-K9 and H1 via the CD 
and hinge domain, respectively. 

H1 histones have a tripartite structure consisting of 
a central globular domain flanked by two lysine rich tails 
(Figure 2A). H1 b binds HP1 a. predominantly through the 
C-terminal tail domain (Figure 20). It is this domain that 
plays a prominent role in determining the binding prop
erties of the individual H1 variants in vivo, with H1 b hav
ing one of the highest binding affinities for chromatin 
(Th'ng et al., 2005). Interestingly, it Is also the domain 
that has four of the five CDK phosphorylation sites that 
are present in this variant (Rgure 3A). Given that phos
phorylation of H1 decreases the binding affinity of H1 
for chromatin in vivo (Contreras et al., 2003) and high 
levels of H1 phosphorylation, due to increased CDK2 ac
tivity, are associated with a more relaxed chromatin 
structure (Herrera et al., 1996), we explored the conse
quence of H1 b phosphorylation on the interaction with 
HP1 a.. Wild-type (wt) H1 b or a mutant H1 b (M1-5), in 
which the five consensus CDK phosphorylation sites 
(S/TPXKIR) in the N- and C-terminal tails were mutated 
to alanines (Figure 3A), were phosphorylated in vitro 
with baculovirus-produced human CDWcyclin E. We 
have previously shown that M 1-5 cannot be phosphory-

lated by CDK/cydin complexes in vitro or in vivo (Con· 
treras et al., 2003). Figure 3B displays that phosphory
lated H1b can no longer interact with HP1a.. Binding of 
M1-5 is not affected by treatment with the baculovirus
produced CDK2/cydin E, ruling out any confounding 
effects from the baculovirus lysate. Thus, H1 phosphor
ylation by CDK2/cydin E abolishes Its ability to interact 
with HP1a. in vitro and suggests a mechanism where H1 
phosphorylation modulates chromatin folding by dis
rupting the interaction of HP1 a with the condensed 
chromatin fiber. 

Although the interaction of H1b and HP1a occurs 
in vivo (Figure 1), the phosphorylation status of H1 in these 
experiments is unknown. Immunofluorescent studies 
using antibodies against HP1 a. and phosphorylated H1 
were performed to see if phosphorylated H1 colocalizes 
with HP1a (Figure 30). As can be seen, HP1a.localizes 
predominantly to the dense regions of chromatin, which 
stain strongly with DAPI (Mine et al., 1999; Nielsen et al., 
2001).1n stark contrast, phosphorylated H1 resides out
side of heterochromatic regions, in agreement with pre
vious studies showing H1 b is underphosphorylated in 
heterochromatin (Contreras et al., 2003). These studies 
show that phosphorylated H1 and HP1a. do not reside in 
simnar regions of the cell, suggesting that, In vivo, HP1 a. 
binds to underphosphorylated H1 in heterochromatin. 

Because cell cycle progression requires the reorgani
zation of higher order chromatin structure, it is proposed 



Molecular Cell 
696 

B 

c 

F'~gure 3. Phosphorylation of Ht b Prevents Its Interaction with HP1"' 

GSt-HPta 
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phos) were incubated with GST -HP1 oc in batch assays. Bound H1 b/FLAG was detected by immunoblotting using anti-FLAG. Input represents 
tO% prebound HI b/FLAG. (B) H1 b/FLAG or mutant Mt-5/FLAG. (C) HI bJFLAG, Mt-5/FLAG, and phosphorylation mutants of H1 b/FLAG that 
can only be phosphorylated on one CDK site each (M2345, M1345, M1245, M1235, and M1234, where the number refers to the phosphorylation 
site mutated within the protein to prevent phosphorylation). Compare lanes for Mt-5 and M2345 to the other phosphorylation mutants (left). The 
right panel shows the Mt-5, M125, and Mt phosphorylation mutants of H1 b/FLAG. 
(0) Deconvolution microscopy of asynchronously growing mouse NIH 3T3 fibroblasts fixed and costained with antibodies against phosphory· 
Ia ted histone Ht (P-H 1) and HP1 o;. Arrow indicates a region containing HP1 oc (green) but that is devoid of phosphorylated Ht (red). Note the lack of 
yellow pseudo color in the Merged panel, in contrast to Figure 1 B. 

that phosphorylation of H1 destabilizes the chromatin 
structure, allowing for access to the chromatin template 
of factors required for gene expression and DNA replica
tion (Roth and Allis, 1992). CDK2 activity, with cyclin E 
in late G1 and cyclin A during S phase, is essential for 
progression into and through S phase (Ohtsubo et al., 
1995). To demonstrate the importance of H1 phosphor
ylation by CDK2 and, hence, its ability to disrupt HP1 11. 

binding, we investigated the ability of cells that tran-

siently overexpress Ml-5 to enterS phase. This H1 b mu
tant cannot be phosphorylated but is incorporated into 
chromatin (Contreras et al., 2003). Cell cycle profiles of 
Saos-2 human osteosarcoma cells overexpressing wt 
H1b and M1-5 along with a CD20 cell surface marker 
demonstrate that expression of either H1b wt or M1·5 
leads to an increase in the G1 fraction of CD20-positive 
(and therefore transfected) cells (Figure 4). Addition of 
cyclin E reduced the G1 fraction of cells transfected 

• NoCyelln 
0 Cyclin E 

Figure 4. Phosphorylation of Ht b Is Required 
for EffiCient Cell Cycle Progression 

Human Saos-2 cells were transiently cotrans
fected with a vector expressing CD20 and 
vectors expressing Mt-5, H1 b (wt), or no his
tone (Control), in combination with a vector 
expressing cyclin E or the vector alone (No 
Cyclin). Cells were harvested for flow cytome
try analysis to determine the cell cycle profiles 
of cells that coexpressed the C020 cell sur
face marker. The percentage of FITC-c020-
positive cells in Gt, determined by DNA con
tent, is shown. 
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with control and wt constructs. However, the increase in 
G1 fraction persisted In cells transfected with the M1-5 
mutant. Therefore, overexpression of the mutant M1-5 
causes cells to stall in G,. which cannot be overcome 
by increased CDK2 activity. This observation further
more suggests that when unphosphorylated H1 (that 
can bind HP11X) is bound to chromatin, cells cannot effi
ciently progress through late G, into S phase. Neverthe
less, this observation is correlative and does not rule out 
the possibility that the effect is due to activities of H1 in 
addition to its ability to bind HP1. However, that H1 
phosphorylation (and a concomitant relaxation of chro
matin structure) is required for efficient cell cycle pro
gression is supported by the recent finding that recruit
ment of CDK2/cyclin A to replication foci during S phase 
results in phosphorylation of H1 and chromatin decon
densation (Aiexandrow and Hamlin, 2005). 

When CDK2 is active in late G1/S phase, phosphoryla
tion of H1 b is limited to no more than three phosphates 
per molecule (Talasz et al., 1996). To identify the level of 
phosphorylation required to disrupt the interaction with 
HP1 ox, mutants with a varying number of CDK sites in the 
C-terminal tail of H1b were created (Figure 3A). Phos
phorylation of only one site within the C terminus of 
H1b extensively affects HP1a. binding (Figure 3C), and 
signifiCantly, there was no preference tor which particu
lar CDK site in the C-terminal tail was phosphorylated 
(Figure 3C). This demonstrates that the interaction of 
HP1a. and the C terminus of H1 is charge dependent 
and disruption of the interaction is not dependent on 
the phosphorylation of a particular CDK phosphoryla
tion site but rather involves a cumulative effect of the 
four phosphorylation sites within the H1 tail (Figure 3C 
and data not shown). Therefore, the level of phosphory
lation seen on H1 b during interphase can severely dis
rupt the HP1 a.·H1 b interaction. 

These findings show a direct interaction in vitro and 
in vivo between HP1a. and H1b that is regulated by the 
posttranslational phosphorylation on the tail domain 
of H1. Interestingly, a recent study (Daujat et al., 2005) 
has shown that in vitro, the CD of each HP1 isoform 
can bind to H1 b when it is methylated on lysine 26 
(H1-K26). Preliminary studies in our laboratory have 
shown that the phosphorylation of methylated H1 b by 
CDK2 can also disrupt the interaction of either H P1 a. or 
~ with methylated H1 (data not shown). This suggests 
the Interaction between H1 band the HP1 isoforms is de
pendent on the type and combination of posttransla
tional modifications present on the linker histone. There
fore, the interaction of an HP1 isoform with a particular 
chromatin domain is likely to be regulated by the modi
fication status not only of the core histones but also of 
histone H1. If a "histone code" does exist for histone 
H1 (Jenuweln and Allis, 2001), our findings are consis· 
tent with several recent studies that support the idea 
of a simple redundant histone code (Dion et al., 2005; 
Henikoff, 2005; Uu et al., 2005). 

From our findings, the C-terminal tail of H1 is likely to 
be involved In directing the HP1 a. isoform to heterochro
matic regions that are enriched in unphosphorylated 
H1 b, suggesting a more active mechanism by which 
H1 directs chromatin compaction beyond simply bind
ing to linker DNA. The potential for HP1a. to self-associ
ate through the CSD (Nielsen et al., 2001 ), while interact-

ing with methylated H3-K9 through the CD and with H1 
and RNA through the hinge domain, could provide the 
framework to create and stabilize the condensed do
mains required of heterochromatin. Conversely, the 
phosphorylation of H1 by CDK2 at specific loci during 
late G1/S could disrupt the interaction of HP1 a. with H1 
and the chromatin fiber, resulting in a relaxation of the 
chromatin structure required for DNA replication to pro
ceed (Aiexandrow and Hamlin, 2005). This suggests that 
at least part of the reason H1 phosphorylation influences 
chromatin structure is because it leads to a decreased 
affinity of HP1 a. for chromatin. This model provides 
a mechanism by which HP1 a. could dissociate from 
heterochromatin during the cell cycle without a concom
itant change in the methylation status of H3-K9 and 
H1-K26. Therefore, H1 phosphorylation could be a pri
mary signal for the disassembly of specific higher-order 
chromatin structures, namely heterochromatin, during 
interphase. 

Experimental Procedures 

Expression Constructs and Recombinant Proteins 
As described previously (Contreras et al., 2003), pET3d constructs 
bacterially express the C-terminal FLAG epi10pe-tagged fusion pro
teins of human H1 b. The human pGEX2T -HP1 a., a. and r constructs 
have been described (Bannister et al., 2001 ). The domain mutants of 
GST -HP1a. and H1 b/FlAG, as well as the phosphorylation mutants 
of H1 b/FlAG, were created by standan:l methods. 

Purification of the H1 b/FLAG fusion proteins has been described 
(Contreras et al., 2003), whereas GST and GST/HP1 fusion proteins 
were expressed in Escherichia coli Bl21 (Stratagene) and cleared 
celllysatas prepared by sonication in coupling buffer (CB: 1 x PBS, 
100 mM EDTA [pH 8], and 1 x complete protease inhibi10r cocktail 
[Roche)) with 1.5% Triton X-100. 

The eukaryotic expression vectors pECFP-HP1 a. and pEYFP-Ht b 
express the fusion proteins CFP-HP1 a and YFP-H1b under the con
trol of the human cy10megalovirus promoter. The eukaryotic expres
sion vec10rs pcDNA3.1/neoH1 b, pcONA3.1/neoH1 b, M1-5, and pRe/ 
cycE (Hinds et aJ., 1992) were used in the cell cycle analysis. 

In Vitro Binding Assay 
GST fusion proteins were purified from the cleared lysates by cou
pling to glutathione Sepharose 48 beads (Amersham Bioscience) 
in CB according 10 the manufacturer's instructions, followed by 
three washes and resuspension in binding buffet (BB: 25 mM Tris
HCI [pH 8], 287 mM NaCI, 1 mM EOTA [pH 8], 10% glycerol, 0.22% 
NP-40, and 1 x complete protease inhibitor cocktail [Roche)). 

H1 b/FlAG proteins were phosphorylated by kinase complexes 
coimmunoprecipitated from 519 cell lysates containing baculovi
rus-expressed COK2/cyclln E or COK2 as described (Herrera et at., 
1996). The kinase reaction or purified H1b/FLAG protein was then 
added to glutathione Sepharose 48-coupled GST -HP1 fusion pro
teins. Incubation was carried out overnight at 4"C with gentle agita
tion and reactions washed exhaustively. The bound proteins were 
eluted, separated on a 12% or 15% SDS-PAGE, and visualized by 
immunoblotting with anti-FLAG M2 antibody (Sigma). 

Indirect Immunofluorescence Analyses 
Asynchronously growing mouse NIH 3T3 fibroblasts were fixed (2% 
parafonnaldehydeiPBS) and penneabilized (0.2% Triton X-100/ 
PBS) before incubation with antibodies against phosphorylated his
tone H1 (Upstate) and HP1a. (Chemlcon). Cells were then incubated 
with the appropriate secondary antibody (Molecular Probes) before 
deconvolution microscopy with a Zeiss AxioVert StOO TV micro
scope and the Delta Vision Res10ration Microscopy System (Applied 
Precision, Inc.). For deconvolved images, captured raw images were 
deconvolved with the Delta Vision constrained iterative algorithm. All 
images were digitally processed for presentation with Adobe Photo
shop. 
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FRET 
Mouse NIH 3T3 fibroblasts were cotl'llflsfected for 48 hr with con
structs expressing N-tenninal CFP-tagged HP1"' and C-tenninal 
YFP-tagged H1 b. cells were fixed in 4% parafonnaldehyde and an
alyzed for FRET with the Zeiss LSM 510 confocal microscope. FRET 
was damonstmted by acceptor bleaching experiments as described 
by Karpova et al. (2003) where the donor fluorophore (CFP) in· 
creases upon acceptor ftuorophore (YFP) photobleaching. For 
each region analyzed for FRET, four images were captured before 
photobleaching of YFP, followed by the capture of four images after 
photobleaching. A total of 14 different regions were photobleached 
from four different cells. As a negative internal control, 12 un
bleached regions from four different cells were analyzed for changes 
in CFP intensity. FRET efficiency was calculated as previously de· 
scribed (Karpova at al., 2003). 

Cell Cycle Analysis 
Human osteosarcoma Saos-2 cells were processed for flow cytom· 
etry on a Becton-Dickinson FACScan machine 48 hr posttranfection, 
as described (Zhu et al., 1993). The DNA content of FITC-CD20-pos
itive cells was determined by the intensity of propidium iodide stein· 
ing. Because the cell cycle distributions of the control samples varied 
between experiments, but the distributions within each experiment 
were consistent, the data presented are representative of multiple 
experiments. 
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